The Hutt Valley is an alluvial basin that hosts the city of Lower Hutt, in the North Island, New
INTRODUCTION
It is well known that surface geology strongly influences the ground motion of a region, in the event of an earthquake. Such influence, regarded as "site effects" by earthquake engineers and strong motion seismologists, has been studied in the last 30 years, in terms of parameters that best characterize ground motion, such as peak values (acceleration, velocity and displacement), and the input seismic wavefield. For example, within the broad classification of a site into soil and rock, it is well established that soft sediments deposited over bedrock can amplify the ground motion significantly for frequencies up to a value between 10 and 15 Hz, depending on the types of soil and rock (Adams et al., 2003; Benites and Olsen, 2005) . To study site effects, researchers have used direct observations either from strong motion networks (Kawashima et al., 1986) or seismic experiments (Taber and Smith, 1992) , and numerical modelling (Ma, 2004; Benites and Olsen, 2005) . For generalities, the reader is referred to Hays and Gori (1983) .
New Zealand, and particularly the Wellington region, has provided the scene for several studies of site effects. Taber and Smith (1992) deployed 24 seismographs in Hutt Valley to study the frequency dependent response of all soil types, among which five were on firm sites, and 19 were on soft sites. Amplification factors of up to 15 have been estimated from spectral ratios of weak motion of soil sites compared to firm sites, in the frequency range 2-5 Hz (Taber and Smith, 1992; Sritharan and McVerry, 1992) .
The characterization of site effects requires a shaking model that can show, within relatively small error, the main features of the observed ground motion. This characterization is crucial for further prediction of the ground motion using earthquake scenarios.
One of the first efforts to model the ground motion in the Lower Hutt area was made by Adams et al. (2003) . They developed a 2-D profile across the valley, using the Finite Element Method with a mesh size of approximate 1 m. They modelled up to 5 Hz and found the modelled ground motion was amplified most greatly at the sites that were within the valley about 100-300 m away from the basin edge. They attributed that phenomenon to the basin edge effect (Kawase, 1996) .
In recent years a 3-D digital model of the Wellington-Lower Hutt area built from the integration of geological borehole profiles, seismic experiments and gravity data has been produced in order to predict the ground motion due to earthquake scenarios on the Wellington Fault, using a Finite Difference scheme (Benites and Olsen, 2005) . The prediction is limited to frequencies lower than 1.5 Hz, and the modelled peak velocity was located in Wellington Harbour, with a value of 3.1 m/s (Benites and Olsen, 2005) . The modelled ground motions in Wellington Harbour and Hutt Valley decayed more slowly than in surrounding regions due to amplification in their thick sedimentary basins. Sediments increase seismic shaking ground motion significantly (Seed et al., 1988; Hartzell et al., 1997; Nagano, 1998) .
3-D modelling is time consuming and expensive to use to characterize high frequencies. While full 3-D modelling is needed to fully characterize the ground motion, much of the effect of sediments on the seismograms may be caused by local sediment thickness that can be modelled with 1-D amplification (Lay and Wallace, 1995; Coutel and Mora, 1998; Ma, 2004) .
In this paper, we try to reproduce some of the characteristics of ground motion amplification on sediment sites with local 1D models, using the discrete wave number method. We try to determine to what extent a 1-D local profile underneath a site characterizes the corresponding local site effects in the Lower Hutt area.
To do that, we compute synthetic seismograms at each of the recording sites of the Taber and Smith (1992) weak motion experiment, using the discrete wave number synthesis of Bouchon and Aki (1977) combined with the generalized reflection/transmission coefficients of Kennett (1983) . The 1-D local profiles were derived from the Wellington 3D models (Benites and Olsen, 2005) .
DATA

Seismic data in Lower Hutt
The dataset from the portable deployment in Lower Hutt of Taber and Smith (1992) is used. The sites extended 10 km up the valley from the Petone foreshore ( Figure 1 ). Twenty two instruments were placed in the Hutt Valley region between November 1990 and February 1991, with two additional sites in Wainuiomata (Figure 1 ). Five sites were located on the sides of the valley on firm soil or bedrock. Three-component digital seismographs were installed in the study areas, running at a sampling rate of 100 Hz. The sites were chosen to sample the full range of soil types and depths in the region, from bedrock to thick flexible sediments. Only those earthquakes that were recorded at most sites and whose focal mechanisms might therefore be well resolved were chosen ( Table 1 ). The events selected ranged in magnitude from 3.2 to 5.7 and were between 23 km and 285 km from station L14 of the array. The events were in the focal depth range of 8 km to 104 km.
The weak-motion reference site for Lower Hutt array, L14, was located on weathered bedrock. The sites will be discussed in terms of their classification within the seismic hazard microzoning scheme of Van Dissen et al. (1992) (Figure 1 ), who divided Lower Hutt into 5 zones based on the geology and measured response to strong and weak seismic shaking. The initial amplitude of the shaking at the sites in the valley (L05, L06, L10, L12, and L15) is similar or only slightly larger than at the rock sites but the shaking continues much longer at the valley sites. L01 was actually on basement ( Figure 1 ), but its shaking looks like that of a basin site, probably because it is close to the basin edge. The two sites in Wainuiomata (L16 and L17) show much greater amplification of the shaking as well as increased duration.
Focal mechanisms
The focal mechanisms of the events (Table 1 ; Figure 3 ) were determined by the amplitude ratio method (Schwartz, 1995; Matcham et al., 2006) , with the seismic data from New Zealand Standard Network and using the Wellington 1D velocity model (Robinson, 1986) . model (Benites and Olsen, 2005) ; those for Layer 6 to Layer 11 are obtained from the Wellington 1D model (Robinson, 1986) . Among all the local 1D models, site L09 has the thickest soft sediments, with a thickness of 0.32 km. Site L17 has the thickest top sediment layer (thickness of 0.166 km). L10 was located at the seaward end of the Lower Hutt Valley, and L17 in the Wainuiomata valley (Figure 1 ). Seven sites (L03, L07, L08, L14, L16 and L19) are modelled as firm soil, i.e. with no soft sediments underneath them*. L01, L19, L14 and L16 are located to the south east of Hutt Valley. L03, L07 and L08 are located towards the north west of Hutt Valley (Figure 1 ). (Benites and Olsen, 2005) is firm, probably due to a slight mismatch in the smoothed model edge compared to the real basin edge. The local 1D model was based on the latitude and longitude of the station from Taber and Smith (1992) and those of the starting point of the Wellington 3D model (Benites and Olsen, 2005) .
MODELLING
A modulated ramp（Ben-Menahem and Singh，1981）is used as the source time function to compute the particle velocity: We calculate the 1D synthetic seismograms of all the events with the corresponding focal mechanisms (Table 1) .
Variation of elastic parameters between stations is limited to the top 1 km of the models (Tables 2 (a) and (b) ). The effects of sediment layers on the synthetic waveforms can be observed in Figure 4 . The amplitude and duration of the synthetic seismograms for soft sites L17, L15, L12 and L10 are much greater than those for firm sites L08 and L07. The large amplitudes and duration at L17, L15, L12 and L10 demonstrate the effects of resonance, whose frequency is determined by both the thickness and S-wave velocity of the top thin layers. The parameters of layer 5 (Table 2(a)) have been obtained from Benites and Olsen (2005) . The simple translation of this model into the Robinson (1986) model results in a physically unrealistic strong impedance between layers 5 and 6, which produced a significant SP conversion evident in the seismograms (Figure 4 ). However, this does not affect the spectral ratios because layers 5 and 6 exist, with the same parameters, in all models for both soil and reference sites.
Comparing Figure 4 with Figure 1 , we see that 1D modelling can reproduce some characteristic of soft layering, e. g., peak ground velocity amplification and the enhancement of duration of the ground motion in soft sites compared to the rock sites.
COMPARISON OF FOURIER SPECTRAL RATIOS BETWEEN DATA AND SYNTHETICS
The Fourier spectrum ) (ω U at each site is the product of three factors (Borcherdt and Glassmoyer, 1992) :
represents the spectrum of the source, P( ω ), the spectrum of the path from the source to Hutt Valley basement, and B( ω ), the spectrum of the sediment layers. S( ω ) is a constant for all the sites for a given earthquake. P( ω ) can be considered the same for all sites, because the spatial extent of the array is small compared with the focal distance. Only B( ω ) changes drastically from site to site.
Therefore the spectral ratios reflect the variations between sites, i.e., the site effects.
For each earthquake, we calculated the Fourier spectral ratio for each site relative to a reference site, for the observed data and the synthetic seismograms, separately. A Fourier spectral ratio is strongly influenced by the duration of the shaking and its peak amplitude is generally larger than the peak velocity ratio over the time history. This is particularly true for resonant sites when the whole Hutt Valley shakes like a harmonic oscillator. For example, for event 1 (Table 1 ) at site L17, the peak Fourier spectral ratio was 12.1 whereas the ratio of peak ground velocity was only 2.0. All the cycles of moderate motion as shown in the seismic traces in Figure 1 may excite resonances in buildings with the same period. This is why Fourier spectral ratio is chosen to characterize site effects instead of peak velocity ratio.
A 0.4 Hz triangular window was first employed to smooth the Fourier spectral amplitudes. Then a Fourier spectral ratio was obtained by dividing each amplitude spectrum by the corresponding spectrum from a reference site. L14 is a firm bedrock site and was the first choice as a reference in this study. The site, used in a larger scale regional study, exhibited a de-amplification effect (Yu and Haines, 2003) . However this should be negligible as our study is limited to the effects due to the local sediment in the Hutt Valley. If L14 failed to record an event, firm site L19 or L07 was used as reference.
Fourier spectral ratios, of the data and 1D synthetics at four sites, are illustrated in Figure 5 . The four sites, L03, L02, L12 and L09 are from, and hence represent zone 1, zone 2, zones 3-4 and zone 5, respectively. The average Fourier spectral ratios for the data at site L03 are up to 3 times larger than those for the synthetics, which are close to 1. This suggests that the site effect or basin edge effect in L03 has not been accounted for by the 1D modelling. However, as expected, generally the amplification increases from zone 1 to zone 5 for both data and synthetics. The spatial distribution of spectral ratios from both observations and 1D modelling are shown in Figure 6 .
CALIBRATION
In this section, we determine "calibration factors" for synthetic seismograms to match the true motion of the ground. Two types of calibration factors are required, for the calibrations of the time history and the Fourier spectrum, separately, of a synthetic recording. It is desired that the calibration will bring the synthetics to match the observed data in terms of peak values either in the time domain or in the frequency domain.
To define the calibration factors that will serve the purposes, we first define the peak amplification factor r over the time history of the velocity recording ( v ) for a soil site as: Similarly, the peak amplification factors for the Fourier spectra are defined as follows 8) where n is the total number of stations that recorded the event in each corresponding area in Figure 1 , m is the total number of events recorded. Table 3 are the calibration factors calculated using the synthetics and the observed data according to definitions (3) to (8), averaged over the zones. A factor greater than 1.0 implies that the data are larger in amplitude than the 1D synthetics; vice versa for a factor less than 1.0. The factors in Table 3 show that most 1D synthetics slightly underestimate the peak velocity ratios, but all underestimate the peak spectral ratios. The calibration factor is used by simply multiplying the synthetic recording by the calibration factor. This should bring the synthetics to a best fit with the data in terms of its peak amplification. Figure 1 .
Listed in
Note that events 1 and 7 (Table 1) are far from Wellington; they fall beyond the region of validity of the Wellington velocity models (Tables 2(a) and (b)). This may lead to a distortion of synthetic seismograms for events 1 and 7 compared to real data. However, the major difference in response between the stations is still most likely to come from the near-station structure, and hence the calibration factors in Table 3 should still be good to first order.
CONCLUSIONS
From our analysis and comparison of 1D synthetic with the observational data, we conclude the following: 1D modelling simulates, qualitatively, the observed peak ground motion amplification and shaking duration increase on the sediment sites, in the Lower Hutt area. At the sites (L01, L03, L13 and L16) near the Hutt Valley basin edge, synthetic seismograms from 1D modelling hardly match the observed ground motion. However, generally, spectral ratios from the 1D synthetics underestimate the ground motion amplification compared to those from the recorded data ( Figure 6 ). The observed Fourier amplitude amplification ranges from 1 to 14.8, while that of the 1D synthetics ranges from 1 to 9.2. This is likely due to valley confinement, while 1D models do not capture.
The authors have presented calibration factors ( Table 3) that can be used with the Wellington-Hutt Valley model to predict ground motion in future earthquakes as follows: for a given location of interest, a one-dimensional earth model can be extracted from the Wellington-Hutt Valley model (Benites and Olsen, 2005) , and synthetic seismograms can be calculated for it. To determine the expected ground motion, the spectral ratios should be calculated and calibrated using the factors listed in Table 3 .
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